The heat capacities of potassium, rubidium, &urn, and thallium azides were determined from 5 to 350 K by adiabatic calorimetry. Although the alkali-metal azides studied in this work exhibited no thermal anomalies over the temperature range studied, thaIlium azide has a bifurcated anomaly with two maxima at (233.0*0.1) K and (242.0410.02) K. The associated excess entropy was 0.90 calth K-l mol-I. The thermal properties of the azides and the corresponding structurally similar hydrogen difluorides are nearly identical. Both have linear symmetrical anions. However, thallium azide shows a solid-solid phase transition not exhibited by thallium hydrogen difluoride. At 298.15 K the values of C& S", and -{G"(T)-HN"(0)}/T, respectively, are 18.38, 24.86, and 12.676 calth K-l mol-r for potassium azide; 19.09,28.78, and 15.58 calth K-l mol-1 for rubidium azide; 19.89, 32.11, and 18.17 calth K-l mol-' for cesium azide; and 19.26, 32.09, and 18.69 calth K-l mol-' for thallium azide.
Introduction
An interesting precedent to the study (I) of alkali-metal and thallium azides is the longstanding interest in this laboratory in the orientational disorder of hydrogen difluoride anion, HF, in crystals. ~1~) The isostructural compounds with linear anions -KN,, RbN,, CsN,, and TlN,-crystallize in distorted CsCI-like structures as do the corresponding hydrogen difluorides. The distortion can be visualized by substituting an azide ion for a chloride ion in CsCl thereby expanding the structure in directions normal to the c-axis. Thus, a tetragonal unit cell is formed with space group, 14/ mcm-D:i. (4' At elevated temperatures, the tetragonal structure of the alkali-metal azides studied in this research can be expected to transform to a cubic CsCl-like structure due to n For Part I see reference I.
drying oven and was later found to contain trapped solvent. Further details of this determination are postponed until after the presentation of calorimetric results. However, after 2 h in the drying oven, CsN, and KNJ were crushed to uniform size in an agate mortar and placed in a vacuum desiccator over P,Os. The dessicator was evacuated for about 4 h through a liquid-nitrogen trap. The samples of CsN, and KN, were then removed from the desiccator, placed back in the drying oven for about 4 h, and subsequently stored in a desiccator over P,O,.
X-ray diffraction analyses of KN,, RbN,, and CsN, yielded lattice parameters which agree well with those of previous investigations. A comparison of the lattice parameters of these and other azides have been reported previously('@ and is available in a supplementary document.(")
The azide content of RbN, was measured by hydrogen-ion titration after oxidation of the azide ion by nitrite. (ls) Although a reasonably good result was obtained by this method (mass per cent azide indicated 39.90+0.05; theoretical: 39.96), this method was abandoned and a more straightforward analysis was undertaken for the azide content of potassium and cesium azides. The azide content was determined gravimetrically by weighing silver azide. Samples of each azide were placed in a beaker and dissolved in 75 cm3 of 8 per cent by mass potassium nitrate solution. Silver nitrate (0.35 mol dm-j) was added dropwise to each sample until complete precipitation occurred; the beakers were then stored overnight in the dark. Subsequently the precipitates were filtered in subdued light, rinsed with water, and dried to constant mass in the oven at 380 K. The elemental analysis indicated (51.82kO.02) mass per cent N3 for KN, and (24.03 f 0.02) mass per cent N, for CsN, (theoreticd : 5 1.80 and 24.02, respectively).
TIN,. High-purity thallium was purchased in the form of rods from American Smelting and Refining Company, Central Research Laboratories, South Plainfield, New Jersey. To prepare thallium turnings, the 6 mm diameter rods were first rinsed in concentrated nitric acid to remove any oxide layer present. The turnings generated by "sharpening the rods" in a pencil sharpener were collected in a shallow Teflon dish containing pure ethanol. The turnings were transferred to a Teflon thimble in a Soxhlet apparatus, where they were held in refluxing ethanol for several hours until most of the thallium had reacted. To the ethanol solution a volume of water equal to that of the ethanol was added. The yellow thallium hydroxide precipitate that formed upon addition of the water was filtered and dissolved in warm water. Carbon dioxide, purchased from Matheson and labelled "bone dry", was then bubbled into the thallium hydroxide solution whereupon a white flocculent Tl,CO, precipitate formed. This precipitate was filtered, washed with cold water, and then dried at 380 K for several hours.
Before precipitation of TIN,, both Tl,C03 and NaN, were recrystallized from water. Each solid was dissolved in water and the two solutions were combined whereupon a yellow precipitate of thallium azide immediately formed. The precipitate was filtered, washed with distilled water and pure ethanol, and then dried at 380 K.
The TIN, thus prepared was to be recrystallized from water (in which it is not very soluble)" 9, so solvent was continually added while heating until total dissolution occurred. The solution was then filtered while still hot to remove insoluble impurities and allowed to cool slowly to 300 K while long acicular yellow crystals formed. These crystals were filtered, washed with pure ethanol and then dried for 6 h at 380 K. The recrystallization process was repeated three times and the product stored in a desiccator over CaSO,.
X-ray diffraction analysis of TIN, yielded lattice parameters which are in excellent accord with those of other investigators. (16, 17) The thallium content was determined by a volumetric titration with standard potassium iodate solution as the titrant."" The azide solution required gentle warming completely to dissolve the TIN, before analysis. Elemental analysis indicated (82.9210.02) mass per cent Tl (theoretical: 82.94). Further analyses of the sample were performed after the heat-capacity determinations were completed and wrll be discussed later.
Loading details. Heat-capacity measurements for all four samples were made in the Mark II adiabatic cryostat. (l,'l) Loading information for these samples is given in table 1. figure 1 . No thermal anomalies due to structural changes in these compounds were observed; however, the heat capacity of RbN, revealed a small bump located at (257.310.8) K which was believed to result from the fusion of water trapped in the sample. To test this interpretation, the freezing temperature of a saturated RbN, aqueous solution was determined with a Hewlett-Packard quartz thermometer as 257.5 K and supports the interpretation of the anomaly as due to residual water trapped in the RbN, Series IX a The symbol <C,) represents mean values of the heat capacity as calculated directly from finite AH/AT without curvature correction.
* The symbol C, in columns adjacent to <C, > represents the value of the heat capacity read from the smoothed curve at temperature T. Elsewhere in the table it represents C, analytically corrected for curvature. sample. From the excess enthalpy in the region of this small bump divided by the enthalpy of fusion of water,(") a value 0.07 mass per cent of H,O was computed.
HEAT CAPACITY VALUES FOR TIN3
The molar heat capacity of TIN, displayed in figures 2 and 3 revealed a bifurcated anomaly with the two maxima cccurring at (233.0&0.1) and (242.04f0.02) K. In addition, a small bump at 272.7 K was thought to be due to the fusion of water in the sample. Iqbal and Malhotra("' noted a transition in the Raman spectra occurring on warming to 278 K. On cooling the sample two of the spectral bands split into four bands at 269 K and persisted as low as 95 K. Iqbal now considers that his previous interpretation of a phase change at 278 K is incorrect, (23) and that his spectral result was due to sluggishness of the first-order transition near 240 K when the crystal was warmed slowly. Several analytical tests were performed to ascertain the presence or absence of water in the sample. An infrared spectrum was taken on a Nujol mull, but nothing found could be attributed to water. The freezing temperature of a saturated aqueous TIN, solution was determined with a Hewlett-Packard quartz thermometer as only -0.03 K, more than 0.4 K above the observed anomaly. Although the infrared spectrum taken on the calorimetric sample of TINJ showed no evidence of water in the sample, the concentration of water may have been below detection limits. Recent neutron-diffraction experiments down to about 250 K show no evidence of a transition near 270 K. (4) The excess enthalpy (about 17.8 cal,, mol-') in the region of this anomaly is, therefore, attributed to water, the mass fraction of which is estimated to be 0.001 based on the enthalpy of fusion of water. That KNJ, RbNa, and CsN, have no low-temperature thermal anomalies in the heat capacity is shown in figure 1 . Pistorius predicted low-temperature phase transitions for RbN3 and CsN,(*) based on the assumption that p(T) equilibrium lines could be extrapolated linearly to 101 kPa. These lines may be concave downwards so that the low-temperature phases of RbN3 and CsN, would only be encountered at higher pressures. A similar prediction by White and Pistorius (25) was made for CsHF,, but no thermal anomaly was detected below 300 K in heat-capacity measurements of CsHF,."' For CsHF,, as for RbN, and CsN,, this phase transition would only be encountered at pressures higher than 100 kPa. An extrapolation similar to that for CsHF, is not possible for RbHF, because the phase diagram is incomplete. Figure 4 illustrates the heat capacities of KN,, RbN,, and CsN, and those of the respective MHF,'s to facilitate comparison between the azides and the hydrogen difluorides. The similarities are to be expected since all the compounds consist of linear, symmetrical anions which belong to the same space group, 14/mcm-D::, and the contributions from internal frequencies of the anions are small. The only difference arises from the slightly larger molar masses of the azides relative to their respective hydrogen difluorides. Table 7 cites the entropies at 298.15 K for the azides and the corresponding hydrogen difluorides for further comparison.
THALLIUM AZIDE Reproducibility of enthalpy increments over the transition region is shown in table 4. The lattice heat capacity was deduced from graphical extrapolations of effective On's against temperature into the transition region from above and below to get two values of @lattice). These values of O,(lattice) between 220 and 261 K were converted to lattice heat-capacity values extrapolated to 242 K to evaluate the excess enthalpy and entropy. From the difference between the integrated experimental heat-capacity curve and the estimated lattice contribution the total enthalpy and entropy of the transitions were obtained. The lattice enthalpy (H"(261 K)-H"(220 K)} was determined to be 742.1 Cal,, mol -I. The resulting entropy and enthalpy increments of the transitions were found to be AS, = (0. resulting total entropy and enthalpy increments of the transitions would have been AS, = (0.91+0.01) Cal,, K-' mol-r and AH, = (200. 5 f 2) Cal,, mol-'. Although the thermal properties of the components of the bifurcated anomaly cannot be resolved unambiguously, the apparent enthalpies and entropies associated with the lower peak are chosen as ( 160+ 10) The present work has yielded two transitions at 233 and 242 K and the following discussion is an attempt to elucidate the phase relations at high pressures for TINS. Figure 5a shows the phase diagram based on the work of Pistorius.(r4) Recent attempts to resolve the problems in the light of the present results using d.t.a. at high pressurest2') produced no additional information. A lack of reproducibility and the minute size of d.t.a. signals involved do not allow definite conclusions. Calorimetric studies under hydrostatic pressure conditions or high-pressure X-ray diffraction studies would be most useful in resolving the situation.
The first possibility is that the two transitions present merge at higher pressures at a IV/III/II triple point, and the resulting phase boundary is the III/II boundary reported by Pistorius. Close examination of the determined slope of the III/II phase boundary shows this to be impossible. An added disqualification is the fact that the high volume change present at the III/II transition was not apparent in the transition from the II to IV phase. (Pistorius presents a detailed discussion of this.)(r4) From previous data on all compounds mentioned, arguments have been advanced (14) to show that these phases are probably isostructural and that they are related to the orthorhombic low-temperature phase('2*28) found for TIN, at atmospheric pressure. However, Raman data@') are said to provide evidence that HEAT CAPACITY OF KNs, RbN3, CsN3, AND TINa 1197 these phases may, in fact, be different. The presence of the TlN, IV/III phase boundary indicates that they are apparently so. The change from the tetragonal phase II through phase IV, and finally to phase III may be from an eight-fold to a 4-4 coordination with four long azide-metal bonds and four short azide -metal bonds.(") Such 4 -4 coordination has been observed in AgN,, (29) with distortion which is a consequence of weak covalent bonding between the azide and the thallium ions. At higher temperature the thermal energy masks these distortions.
Since "aged" samples of TIN, are reported to exhibit a transition at 225 K,(13) we note that the calorimetric sample employed in our endeavor was about six months old. Until details of this "time-dependent" transition are known ,we consider the reported transition at 225 K to be that observed at 233 K in this study.
As in the comparison between NaN, and NaHF,,(') it is noted that TIN, and TlHF, do not exhibit the same thermal behavior; the entropy at 298.15 K of TlHF, is about 5 per cent larger than that of TIN, (compare table 7). Hassel et ~1.~~~) performed analytical tests and an X-ray diffraction analysis on a material initially identified as TlHF,. These analytical tests were later shown to be incorrect and the proper formula of the compound identified as TlH,F, .+H20.(32) Lee (33' suggested that the heatcapacity determinations by Burney(') might have been taken on a sample of the hemihydrate. If the calorimetric TlHF, sample, whose heat capacity and composition were determined in this laboratory, was partially hydrated this might explain the seemingly large value of S" for thallium hydrogen difluoride at 298.15 K. However, the analysis of the calorimetric sample of TlHF2 was in good agreement with theoretical.") Evidence for hydration such as Hassel encountered was sought but not detected.
It seems probable that the difference in S"(298.15 K) between TIN, and TlHF, is due to two factors. Firstly, TIN, is orthorhombic below 233 K, while TlHF, is tetragonal below this temperature. Secondly, the heat capacity of TlHF, begins to rise sharply near 300 K possibly as a premonitory effect-similar to that in CsHF, (compare figure 4)-heralding the onset of a transition in TlHF, noted in a recent report. (34' HEAT CAPACITY OF KN3 FROM SPECTRAL DATA Heat capacities at constant volume (C,) of these azides can be calculated from the acoustical and the optical spectral branches. The former contribution can be represented by a Debye term using a characteristic temperature determined from the heat capacity of the solid, and the latter by Einstein terms deduced from the frequencies. The tetragonal azides of this research have two formula units in each primitivece11,(35' 21 optical and 3 acoustical modes. Although spectral data are available for all compounds in this research, only for KN, and TlN, are some thermal expansivities and compressibilities available.
For KN,, the C, calculated from spectral data and that calculated from our measured C, values with thermal expansivities and compressibilities are displayed in figure 6 . As an alternative method for calculating C,, the familiar relation represented by the first equality:
C, -C, = TVa2/~ = ATC;, in which Y denotes molar volume, a thermal expansivity, and rc isothermal compressibility may be recast as the term shown at the right (in which the symbol A denotes Vc12/rcCi). A remains approximately constant over significant temperature ranges. (36) For KN3, a value of A of 1.08 x 10e5 mol Cal,' at 293 K was derived from the molar volume of 39.9 cm3 mol-', a temperature-dependent thermal expansivity valid from 100 to 300 K (with a 293 K value of 144x low6 K-1,(37) favored over an earlier value of 182 x low6 K-1, (38) value of A of 1.21 x 10e5 mol Cal,' was deduced from V = 41.7 cm3 mol-', c1 = 135 x 10m6 K-' below the TIN, transition and 160 x 10e6 K-r above the transition, (12) and K = 46.3 TPa-.
1 (39) Values of C,(expt) and of C,(calc.) from the expression above, displayed in figures 6 and 7 show good agreement with C,(spect.) at high temperatures but deviate as the temperature decreases. Such deviation has been observed in other sohds also. (35) Evaluation of C, from spectral data for NaN3 and the other two compounds of this study can be found elsewhere;('@ (however, only for KN, and TIN, are a and K available). For each of these azides the spectroscopic C, exceeds the measured C, at lower temperatures. The relative success of the calculation for KN, probably stems from the greater separation of optical and acoustical branches occasioned by the comparable masses of the two ions.
